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One of the most promising approaches of generating spin- and energy-entangled electron pairs
is splitting a Cooper pair into the metal through spatially separated terminals. Utilizing hybrid
systems with the energy-dependent barriers at the superconductor-normal metal interfaces, one can
achieve practically 100% efficiency outcome of entangled electrons. We investigate minimalistic one-
dimensional model comprising a superconductor and two metallic leads and derive an expression
for an electron-to-hole transmission probability as a measure of splitting efficiency. We find the
conditions for achieving 100% efficiency and present analytical results for the differential conductance
and differential noise.
PACS numbers: 03.67.Bg, 03.67.Mn, 72.10.−d, 73.23.−b, 74.25.F−, 74.45.+c, 74.78.Na
1. INTRODUCTION
Quantum entanglement dating back to Einsten’s and
Schro¨dinger’s seminal papers1,2 has emerged as one of the
most active research areas of contemporary condensed
matter physics. The interest is motivated both, by the
important promise of utilizing entanglement effects in
communication and computation technologies,3–5 and by
the intellectual appeal of dealing with the most funda-
mental issues of quantum mechanics.6 One of the major
experimental tasks is the creation of and subsequent ma-
nipulation by the entangled quantum states. A Cooper
pair comprising two electrons endowed with a unique in-
separable quantum state is a natural source of electrons
with states inextricably linked to each other and remain-
ing entangled with respect to spin and/or energy despite
having become spatially separated.7,8 The initial stage of
splitting can occur via an Andreev reflection (AR) phe-
nomenon,9 see Fig. 1(a), where the Cooper pair crosses
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Figure 1: Different scenarios of Andreev reflection. (a) Reg-
ular Andreev reflection at the ideal NS interface. In a one-
dimensional case a Cooper pair converts into two entangled
electrons in normal metal wire with the unity probability.
(b) Three-dimensional crossed Andreev reflection (CAR) with
two different exits to the normal metal. Cooper pair converts
into two electrons in different normal wires with probability
suppressed by the distance between normal contacts. (c) One-
dimensional CAR to the opposite sides of NSN system is com-
pletely suppressed for the ideal NS boundaries. (d) Additional
energy-dependent normal reflection at NS boundaries may in-
crease the probability of the CAR up to unity.
the ideal normal metal-superconductor (NS) interface
and enters normal metal as two electrons entangled with
respect to energy and spin, more precisely, the electron-
like quasiparticle enters and hole-like quasiparticle leaves
normal metal, with the probability of unity. Applying
the external magnetic field, one can take electrons and
holes further apart.10,11
A different recipe for the Cooper pair splitting (CPS)
and spatial separation of electrons and holes7 proposed
the normal-metal fork with leads linked to a supercon-
ductor by the NS barriers with the different resonance
energies. This idea evolved into a crossed Andreev re-
flection (CAR) approach for CPS, utilizing two-terminal
configuration in which a Cooper pair generates electrons
escaping through two separated normal terminals12–17 as
shown in Fig. 1(b). Yet at first sight this approach
seemed to be problematic: since the initial separation
of exiting electron is the size of the Cooper pair, the
escape probability was to remain appreciable only for
terminal separation not much exceeding the coherence
length. Furthermore, the CAR probability is exactly
zero in a one-dimensional geometry with the ideal NS
boundary, see Fig. 1(c). In higher dimensions, the am-
plitude of the CAR decays exponentially with the dis-
tance L between the terminals. What more, in clean
D-dimensional superconductors it acquires a small pref-
actor ∝ 1/(kFL)D−1.8,14,18,19 In three-dimensional disor-
dered superconductors the amplitude drops by the factor
∝ 1/kF
√
lL with kF being the Fermi wave vector and l
being the mean-free path.20
This suppression of the CAR efficiency was mended
by making the normal scattering amplitudes at the NS
interface the energy dependent ones over the scale of or-
der of the superconducting gap ∆, in such a way that
they became essentially different for electrons and holes.
This was implemented via setting up quantum dots en-
dowed with the different resonance levels at the NS in-
terfaces. Varying the gates potentials one could appro-
priately change the positions of these resonances with
respect to the Fermi level, see Fig. 1(c). Thus the ef-
ficiency of the two-terminal configuration for the CPS
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2was enhanced by plugging a quantum dot into the each
lead,8 and utilizing Coulomb blockade for manipulat-
ing the electrons. The similar idea of utilizing asym-
metric quantum dots was adopted for studying the dy-
namic conductance and noise in dot-superconductor-dot
systems.21–23 Reference 21 calculated noise in the frame-
work of the tight-binding model for a setup comprising
a superconductor and and two metal leads attached at
the same side. Reference 22 addressed the noise in a
N-dot-S-dot-N system. The analytical result although
somewhat cumbersome for differential conductance and
noise was derived in Ref. 23. In the meantime, it was
shown experimentally that using nanowires,24,25 carbon
nanotubes,26,27 and graphene28 to split Cooper pairs one
can achieve from a few percents to near-unity efficiency.
This stimulated a parallel theoretical development. In
particular, a scheme realizing asymmetric dots via at-
taching n- and p-type semiconductor quantum dots at
either sides of a superconductor was proposed in Ref. 29.
It was demonstrated that choosing specific relations be-
tween the valence bands and bias voltage one can achieve
the 100% efficiency. Reference 30 dealt with the effects of
the Coulomb and spin-orbit interactions on the CPS effi-
ciency also showing the feasibility of the 100% efficiency
even in the presence of interactions.
In the present work we investigate a minimalistic
model allowing for a 100% efficiency. We consider a one-
dimensional CAR-based splitter with the initially zero
CAR amplitude. Adding an energy-dependent double
barrier to each terminal of the setup shown in Fig. 1(c),
we demonstrate that in an equilibrium noninteracting
system the proper tuning resonance levels in separately
biased output terminals can provide the hundred percent
outcome. This simple model utilizes non-equal transmis-
sion amplitudes of the electron and hole-like Bogoliubov
quasiparticles (below the superconducting gap) across
the energy dependent scatterer and, remarkably, allow for
a full analytical treatment. We further consider the split-
ter comprising the Y-geometry junctions, each connected
to the respective infinite superconductors, capturing the
main features of experimental setups, and show that the
100% outcome holds in this geometry as well. We derive
a simple analytical result for a stationary Josephson ef-
fect situation where Fermi levels of both terminals are set
equal by using a grounded superconductor. The simple
model of the proposed setup allows for a detailed quan-
titative analysis revealing the underlying subtleties and
conditions necessary for achieving a 100% outcome.
2. PRELIMINARIES
We quantify the entangler efficiency by transparency
i.e. by the probability for the incident electron to reach
a superconductor through one terminal having created a
Cooper pair in the superconductor and a hole that left
the entangler through the other terminal. Our idea is to
control the resonance structure of the Bogoliubov states
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Figure 2: One-dimensional INI-S-INI system. A single sharp
resonance of the left symmetric INI double barrier lies at ε
such that |tL(ε)| = 1, rL(ε) = 0, tL(−ε) = 0, and |rL(−ε)| = 1.
For the right INI double barrier a single resonance is located
at −ε, so that tR(ε) = 0, |rR(ε)| = 1, |tR(−ε)| = 1, and
rR(−ε) = 0. (a) An incident electron ‘splits’ into the electron
on the right (1) and the hole on the left (2). Both of them
reflect from the non-transparent INI double barrier at corre-
sponding energies. (b) After reflection each of the states split
further into the electron and hole components. Interference of
the latter states results in the electron reflection amplitude r˜ee
and the electron-to-hole transmission amplitude t˜eh.
by setting double-barrier potentials in such a way that for
specific resonance energies in a hybrid structure31,32 the
electron-to-hole transmission probability became equal
to unity, in full analogy with Fabry-Pe´rot interferome-
ter. To gain a feeling how the perfect transmission can
be reached, we consider a special resonance structure of
the barriers associated with terminals. Let the left scat-
terer have a very narrow resonance EF + ε above Fermi
energy EF, and the right one have the same resonance be-
low Fermi energy at EF − ε, see Fig. 2. Suppose further
that the transparency assumes the value of unity at these
energies and is zero otherwise. The electron with the en-
ergy EF + ε incidents from the left. The electron-to-hole
reflection (with amplitude reh) and electron-to-electron
transmission (tee) are blocked, so incident electron can
ether reflect back as an electron (ree) or transmit as a
hole (teh). The latter process occurs with the probabil-
ity of unity for certain energy ε and the superconductor
length L. The described configuration is, in fact, realiza-
tion of Mach-Zehnder interferometer, involving just two
trajectories.
3. SCATTERING MATRIX APPROACH
Let us consider an electron-like quasiparticle with the
energy EF + ε incident at the one-dimensional X-S-X
structure shown in Fig. 2. Both X-parts stand for
the energy-dependent barriers realized via the insulator-
normal metal-insulator (INI) scatterers, which exhibit
sharp resonances with the unity transparency for iden-
tical δ-function-like insulators. To find the transmission
probability T˜eh = |t˜eh|2 of such an X-S-X system, we
solve Bogoliubov-de Gennes (BdG)33–35 equations with
energy ε below the superconducting gap ∆, 0 6 ε 6 ∆.
3We take the piecewise potential in BdG equations so that
∆ˆ(x) = ∆ in the superconductor and ∆ˆ(x) = 0 outside.
The electron- (u) and hole-like (v) components of the
wave function of the superconductor are then
[u, v]
T
= [eiα, 1]T
(
. eipx−qx + . e−ipx+qx
)
+ [e−iα, 1]T
(
. eipx+qx + . e−ipx−qx
)
,
where dots stand for some constants. The normal state
solution of BdG between superconductor and left (L)
[right (R)] scatterer is given by the linear combination
of plane waves:[
u
v
]
=
[
ce→L(R)e
ikex + ce←L(R)e
−ikex
ch←L(R)e
ikhx + ch→L(R)e
−ikhx
]
.
The central superconducting part with the ideal NS
boundaries couples the incident and reflected states,
[ce←L , c
e→
R , c
h←
L , c
h→
R ]
T = SS[ce→L , ce←R , ch→L , ch←R ]T via the
scattering matrix
SS =
 0 tee rhe 0tee 0 0 rhereh 0 0 thh
0 reh thh 0
 (1)
with nonzero amplitudes
tee(hh) =
e±ipL sinα
sin(α− iqL) , reh(he) =
sinh(qL)
i sin(α− iqL) . (2)
Hereafter we will be using subscript e(h) to denote elec-
tron (hole) component of the wave function (e.g. teh
is the electron-to-hole transmission amplitude). The
transmission amplitudes tee(hh) and corresponding trans-
parencies Tee(hh) = sin
2α/[sin2α+sinh2(qL)] describe co-
tunnetilng36,37 in an ideal N-S-N contact. The inverse co-
herence length q and the wave vector p naturally appear
from the solution of BdG equation with the fixed modulus
of the superconducting gap ∆ and are defined as p2−q2 =
k2F and 2pq = (2m/~2)∆ sinα, where α = arccos(ε/∆) is
the auxiliary phase α ∈ [0 . . . pi/2], kF =
√
2mEF/~ is the
Fermi wave vector, and m is the mass of the electron.
For ∆  EF one finds q ≈ (kF∆/2EF) sinα and p ≈ kF.
We count the energy ε from the Fermi energy EF.
The left and right hand side energy-dependent X bar-
riers form energy dependent barriers with scattering ma-
trices SL(R) = diag{SL(R)e ,SL(R)h }. The electron and hole
subparts are given by
SL(R)e =
[
teL(R) r
e
L(R)
reL(R) t
e
L(R)
]
, SL(R)h =
[
thL(R) r
h
L(R)
rhL(R) t
h
L(R)
]
, (3)
where te(h) = t(±ε) and re(h) = r(±ε). Experimentally,
one can control the position of the resonances with re-
spect to the Fermi energy by the external gate voltage.
0 1 2 3 4 5
0
0.2
0.4
0.6
0.8
1
L/ξ0
T e
h
 
 
0.85 0.9 0.95 1
0
0.2
0.4
0.6
0.8
1
L/ξ0
ε m
/∆
0.8 0.9 1 1.1
0.97
0.98
0.99
1
 
 
Figure 3: Transparency T˜eh as a function of L/ξ0 for θ = pin
and different energies of the incident electron from ε = 0
(green) to ε = ∆ (yellow). Maximal transparency T˜ εeh =
maxε{T˜eh} is shown by the black envelope curve. Right inset:
Energy εm, where this maximum was reached.
4. IDEAL TRANSPARENCY CASE
Now we are equipped for finding components of the
scattering matrix S˜S of the X-S-X system. We concen-
trate on the electron-to-hole transmission amplitude t˜eh
of this matrix and transparency T˜eh as a measure of the
entangler efficiency. We consider a narrow resonance with
the width much smaller then ε and spacings between res-
onances being much lager then ∆. If teL = 1, r
h
L = e
iϕhL ,
reR = e
iϕeR , and thR = 1, the X-S-X transparency becomes
ideal, T˜eh = 1. In this case, both, X-S-X transmission
and reflection amplitudes, are defined by two pairs of
paths shown in Fig. 2, and the corresponding expression
for t˜eh assumes a simple form
t˜eh = t
e
L(teer
e
Rreh + rehr
h
Lthh)t
h
R. (4)
Combining this relation with Eq. (2) one finds the X-S-X
transparency as
T˜eh = 4 sinh
2(qL) sin2α cos2θ/[sin2α+ sinh2(qL)]2, (5)
where θ = pL + (ϕeR − ϕhL)/2. We see that the trans-
parency becomes ideal, T˜eh = 1, provided θ = pin and
sinh(qL) = sinα. Since both q and α are energy de-
pendent, the latter equality implicitly defines the energy
at which the transparency becomes unity (requirement
θ = pin can be attained by adjusting ϕeR and ϕ
h
L). The
maximal transparency T˜ εeh = maxε{T˜eh} as a function
of the dimensionless parameter L/ξ0, where ξ0 = ~vF/∆
and vF = ~kF/m, is shown in Fig. 3. Note that T˜eh
is small in both limits of (i) a short superconductor,
L ξ0, where electron-to-hole reflection amplitudes are
small reh(he) ∝ L/ξ0 and electron passes the supercon-
ductor freely and of (ii) a long superconductor, L  ξ0,
because the transmission amplitude of the N-S-N part
decays exponentially, tee(hh) ∝ e−L/ξ0 . The unity value
T˜ εeh = 1 is achieved in the interval L/ξ0 ∈ [arcsinh 1 . . . 1].
According to Eq. (2), each point at the flat top corre-
sponds to the different energy ε and is a result of the
competition between q(ε) and α(ε) dependencies.
45. ASYMMETRIC INI PARTS AND
ARBITRARY RESONANCE POSITIONS
To understand how robust the unitary limit of CPS
is and derive to which degree one can deviate from the
ideal resonances condition still maintaining the nearly
unitary limit, let us model the energy-dependent X parts
as non-ideal dots (asymmetric INI double barriers) with
arbitrary resonance positions. We first choose INI dou-
ble barriers such that both of them had identical pairs of
inner and outer point scatterers as shown in Fig. 2. The
inner point scatterers are described by transmission ti
and reflection ri amplitudes, and outer point scatter-
ers have to and ro correspondingly. Then the transmis-
sion and reflection coefficients for each INI part assume
the form te(h)L(R) = titoe
ike(h)dL(R)/(1− riroe2ike(h)dL(R)) and
re(h)
Li(Ri) = ri + rot
2
i e
2ike(h)dL(R)/(1− riroe2ike(h)dL(R)), where
ke(h) =
√
2m(EF ± ε)/~ and dL(R) are the lengths of left
and right INI double barriers, respectively. The ener-
gies of the resonance at the left (εL) and right (εR) dots
with respect to the Fermi level are controlled by adjust-
ing corresponding gate voltages. Taking |εL(R)|  EF
we parametrize amplitudes of INI double barriers by
phase differences 2(ke(h)−kL(R))dL(R) = (±ε−εL(R))/δL(R),
where ‘±’ correspond to the electron (hole) excitations,
kL(R) =
√
2m(EF + εL(R))/~, and δL(R) = ~vF/2dL(R) are
spacings between consequent resonances. The resonance
half-widths are ΓL(R) = δL(R)(1 − |riro|)/
√|riro|. Let us
suppose further that both point barriers are δ-function-
like barriers with the transmission ti(o) = 1/(1 + iZi(o))
and reflection ri(o) = −iZi(o)/(1 + iZi(o)) amplitudes, re-
spectively, and inner, Zi, and outer, Zo, strengths.
The electron-to-hole transmission amplitude of the hy-
brid INI-S-INI system is then found to be
t˜eh = t
e
L[teer
e
Rireh + rehr
h
Lithh]t
h
R /D, (6a)
where the denominator
D = 1− t2eereLireRi − t2hhrhLirhRi − rehrhe(reLirhLi + reRirhRi)
+ (teethh − rehrhe)2 reLireRirhLirhRi
describes multiple reflections inside INI-S-INI structure.
For ideal conditions of two isolated resonances, as in
Fig. 2, Eq. (6a) reduces to Eq. (4). If resonances are
symmetric and energy-independent, te(h)L = t
e(h)
R = t and
re(h)
Li = r
e(h)
Ri = r, Eq. (6a) gives the maximal possible
transparency of the I-S-I junction as T˜eh = 0.5.
38 In or-
der to calculate the differential conductance and noise
(see Sec. 6), we also find the electron-to-electron trans-
mission amplitude t˜ee responsible for elastic co-tunneling,
t˜ee = t
e
L[tee(1− t2hhrhLirhRi) + rehrhLithhrhRirhe]teR /D. (6b)
The corresponding electron-to-hole and electron-to-
Figure 4: Color plots of transparency T˜eh as functions of εR
and εL for L/ξ0 = 1, δL(R)/∆ = 1, and θ = pin. Plots for
different energies ε of incident electron are placed on top of
each other. Resonances corresponding to ε/∆ = 0.01, 0.2,
0.4, 0.6, 0.8, and 0.99 are marked with circles with centers at
(εL, εR) = (ε,−ε). (a) Zi(o) = 10 (ΓL(R)/∆ = 0.1). (b) Zi(o) =
15 (ΓL(R)/∆ = 0.045).
electron reflection amplitudes are given by
r˜eh = t
e
Lreh
[
1 + (teethh − rehrhe)reRirhRi
]
thL /D, (6c)
r˜ee = r
e
Lo + t
e
L
[
rehr
h
Lirhe + teer
e
Ritee
− (teethh − rehrhe)2 rhLirhRireRi
]
teL /D. (6d)
Note, that the symmetry of the BdG equations
(ε, u, v) → (−ε,−v∗, u∗) leads to the following rela-
tions among the transmission coefficients, t˜hh = t˜
∗
ee ,
t˜he = −t˜∗eh, r˜he = −r˜∗eh , and r˜hh = r˜∗ee , where ‘’ stands
for (ε, εL, εR) → −(ε, εL, εR). The obtained relations,
Eqs. (6a)–(6d) and BdG symmetry, enable us to write
down a general expression for a scattering matrix of the
asymmetric INI-S-INI junction (cf. Eq. (1) for ideal N-
S-N junction):
S˜S =

r˜ee t˜

ee r˜he t˜

he
t˜ee r˜

ee t˜he r˜

he
r˜eh t˜

eh r˜hh t˜

hh
t˜eh r˜

eh t˜hh r˜

hh
, (7)
where ‘’ denotes left-to-right reflection.
The analysis of the transparency T˜eh as a function of εL
and εR for different energies of an incident electron ε is
presented in a form of the color plots in Fig. 4. We choose
resonance half-widths ΓL = ΓR = 0.1∆ in Fig. 4(a) and
ΓL = ΓR = 0.045∆ in Fig. 4(b) to be smaller than the su-
perconducting gap. Typically, the transparency for each
energy ε has a pronounced peak at (εL, εR) ∼ (ε,−ε).
The peaks at energies ε/∆ = 0.01, 0.2, 0.4, 0.6, 0.8, and
0.99 are well separated, so one can absorb all the depen-
dencies of T˜eh of εL and εR in the same figure. These
peaks are marked with white circles. For energies near
the Fermi level ε ∼ 0 the resonance is expected to be at
(εL, εR) ∼ (0, 0), but, as follows from Eq. (6a), at this
point εL = εR = ε = 0 and as for symmetric barriers
ri = ro, the transparency is suppressed, T˜eh = 0. For
5Figure 5: (a) Color plot of the maximal transparency T˜ εeh =
maxε{T˜eh} as function of εR and εL for Zi(o) = 5 (ΓL(R)/∆ =
0.39). (b) T˜ εeh for Zi(o) = 15 (ΓL(R)/∆ = 0.045). (c) T˜
ε
eh for
Zi = 5 and Zo = 15 (ΓL(R)/∆ = 0.22). (d) T˜
ε
eh for Zi =
15 and Zo = 5. (e) Maximal differential conductance g
ε =
maxε{T˜eh− T˜ee} for Zi(o) = 15. (f) Maximal differential noise
sε = maxε{T˜eh(1 − T˜eh) − T˜ee(1 − T˜ee)} for Zi(o) = 15. We
choose L/ξ0 = 1, δL(R)/∆ = 10, and θ = pin for all plots.
larger energies 0 . ε 6 ∆ the locus of resonances is about
the ‘diagonal’ (εL, εR) ∼ (ε,−ε). At (εL, εR) = (ε,−ε)
and symmetric INI barriers ri = ro the transmission am-
plitude reduces to the ‘ideal’ case given by Eq. (4). In
addition, the transparency has one extra peak at ‘off-
diagonal’ line εL − εR = 2ε for any given energy ε, es-
pecially for ε close to ∆. At this line the electron re-
flection amplitude to the left coincides with the hole re-
flection amplitude to the right, re
Li = r
h
Ri. This resembles
the symmetric Fabry-Pe´rot interferometer with the unity
transparency at the resonances and gives rise to the ‘off-
diagonal’ resonances in the INI-S-INI system.
Further information about the maximum CPS out-
come can be obtained by considering the maximal trans-
parency T˜ εeh = maxε{T˜eh} behavior. Figures 5(a) and
5(b) demonstrate color plots of T˜ εeh = maxε{T˜eh} as func-
tions of εL and εR for symmetric INI barriers for Zi(o) = 5
(ΓL(R) = 0.39∆) and Zi(o) = 15 (ΓL(R) = 0.045∆), corre-
spondingly (increasing resonance sharpness). One sees
the permanent resonance along the tilted white line cor-
responding to the ideal case defined by Eq. (5). In
Fig. 5(c) the asymmetric case is shown for the inner bar-
rier strength Zi = 5 smaller then outer barrier strength
Zo = 15 (ΓL(R) = 0.22∆): the maximum is determined
not by the internal INI resonance, but by the resonance
between the outer walls. The reversed situation, Zi = 15
and Zo = 5 is presented in Fig. 5(d). One observes addi-
tional resonances, e.g. loci of T˜ εeh form a cross-like config-
uration comprising the diagonal and the segment of the
line εL − εR = 2∆ in Fig. 5(d). While at the ‘diagonal’
the resonances (along line εL = −εR) originate from the
ideal case (4), the additional ‘crossbar’ loci of maximal
transparencies stem from the ‘off-diagonal’ resonances in
Fig. 4. The regimes with strong and nearly symmet-
ric resonances are stable against added randomness so
that T˜eh as a function of ε, εL, and εR has a maximum
value of unity. For example, for Zi(o) = 15 [Fig. 5(b)]
unitary limit retains up to ±50% of independent random
change in Zi and Zo.
6. DIFFERENTIAL CONDUCTANCE AND
NOISE
The measurements of the tunneling probability, in par-
ticular, those that correspond to the conversion of an
electron into a hole, T˜eh, are indirect and are carried out
via the measurements of various transport characteris-
tics of CPS such as differential conductance, dI/dV , and
noise, dS/dV . Following the approach outlined in the
review Ref. 35, we obtain expressions for the differential
conductance and noise through the channels providing
electron-to-electron, T˜ee, and electron-to-hole, T˜eh, scat-
terings and discuss their dependences of the gate poten-
tials, εR and εL.
We start with the differential conductance
dI/dV = (2e2/h)g, g = T˜eh − T˜ee, (8)
where h is the Planck constant, and transmission proba-
bilities T˜eh = |t˜eh|2 and T˜ee = |t˜ee|2 are defined by expres-
sions (6a) and (6b). The direction of the current I from
the right terminal to the superconductor was chosen as a
positive direction. The color plot Fig. 5(e) of the maxi-
mal conductance for the exemplary case Zi(o) = 15 repro-
duces in the main those of T˜eh [Fig. 5(b)], besides that
the differential conductance has slightly sharper peaks
and is almost suppressed at εR > 0.
Next, we calculate the differential noise
dS/dV = (2e3/h)s, s = T˜eh(1− T˜eh)− T˜ee(1− T˜ee) (9)
at the zero frequency corresponding to the cross-
correlator of the current in the left and right terminals
6(positive directions are chosen towards the superconduc-
tor), where V is the voltage at the left terminal, while at
the superconductor and at the right terminal the voltage
is zero. Figure 5(f) shows that the locus of the maximal
value s = 1/4 is similar to that of T˜eh = 1. (The locus of
s = 1/4 almost corresponds to T˜eh = 1/2, which, in turn,
is obtained from T˜eh = 1 by a slight shift in energy.) The
cross-correlators can be used for characterization of the
effectiveness of the entangler.24,39,40 Appendix A presents
more color plots of T˜eh, g, and s for variety of parameters.
7. EFFECT OF THE Y-GEOMETRY
In the typical experimental setups the central super-
conducting island is grounded,24–28 see the correspond-
ing sketch in Fig. 6(a). We thus discuss now how the
tunneling probabilities, T˜eh, change upon grounding the
central island. A superconducting island of the finite
length L is characterized by the Andreev reflecting am-
plitudes ree(hh) with the non-unity moduli, enabling thus
splitting a Cooper pair into separate normal leads. At
the perfect interface between the metal and an infinite
one-dimensional superconductor a full Andreev reflec-
tion, where electron converts into a hole and vice versa,
occurs. We, hereafter, will be referring to this kind of a
superconductor as to the grounded one. To incorporate
the grounding into our one-dimensional problem, let us
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Figure 6: (a) Sketch of the Cooper pair splitter based
on INI-S-INI structure with grounded superconducting part.
(b) Model of the grounded entangler. Green and magenta
lines show additional trajectories of electrons and holes.
(c) Transparency T˜eh as a function of L/ξ0 for θ = pin, max-
imally connected infinite superconductors (γ = pi/2 in SY),
and different energies of the incident electron ε.
wedge two infinite superconductors between the quantum
dots and the central superconductor, see Fig. 6(b). This
scheme accounts for all possible scattering processes in
the system with the grounded central part. The electron-
to-hole transmission probability can be found by the re-
duction of the grand scattering matrix of the system.41
We assume that all superconductors in our circuit have
the same phase. Then both electron-to-hole and hole-to-
electron reflections at the interfaces between the termi-
nals and the infinite superconductors result in gaining of
the same phase, i.e., reh(he) = e
−iα [see green and red ar-
rows in Fig. 6(b)]. We connect grounded superconductors
through the normal Y-junctions. Scattering matrices SY
of the normal metal Y-junctions, be←Lbe→R
be↓B
 = SY
 be→Lbe←R
be↑B
 ,
 bh←Lbh→R
bh↓B
 = SY
 bh→Lbh←R
bh↑B ,

are assumed to be the same and energy independent.
They can be parametrized as follows42
SY =
 −
(1−cos γ)
2 e
i(δ1−δ2) 1+cos γ
2
sin γ√
2
eiδ1
1+cos γ
2 − 1−cos γ2 ei(δ2−δ1) sin γ√2 eiδ2
− sin γ√
2
e−iδ2 − sin γ√
2
e−iδ1 cos γ
,
where we assumed the left-right symmetry. To avoid ex-
tra resonances we set additional phases to zero, δ1 = δ2 =
0, so that the Y-junction scattering matrix becomes a
function of single parameter γ only, which is the measure
of coupling to the infinite (grounded) superconductors,
SY =
−(1− cos γ)/2 (1 + cos γ)/2 sin γ/√2(1 + cos γ)/2 −(1− cos γ)/2 sin γ/√2
− sin γ/√2 − sin γ/√2 cos γ
. (10)
The combination of Y-splitter and infinite superconduc-
tor results in the additional mixing between electron- and
hole-like states. However, number of quasiparticles con-
serves during this mixing, so, this process does not break
down the possibility of the 100% efficiency. This is shown
in Fig. 6(c) which displays the dependence of the electro-
to-hole transmission probability as a function of central
superconductor length L. Comparison with Fig. 3 shows
that the positions of maxima of T˜eh merely shift.
8. DISCUSSION AND CONCLUSION
We expect the efficient CPS to hold in much broader
class of systems than what we discussed. First, we have
demonstrated that the unitary limit is strikingly robust
against random deviation of scatterer’s parameters from
the perfect symmetry. Second, it is important that the
interference process providing the unitary CPS limit can
be achieved by contribution from two paths like in Mach-
Zehnder interferometer, see Fig. 2. This loosens the con-
ditions for the system dimension tuning that ensures the
7maximal efficiency and suggests that the efficient CPS
may hold in a higher dimensionality. Indeed, relevant
semi-classical trajectories connecting two dots at the op-
posite terminals (like in the experiment of Ref. 28 with
about 10% efficiency) mimic a 1D situation and at the
same time provide fair probability for dots to be joined,
even though the traveling wave packets may laterally
spread. However, straightforward mapping of the ex-
perimental situation onto the 2D dirty-superconductor
model gives about two orders of magnitude less than in
the experiment. Our findings suggest resolution of this
controversy. Furthermore, our prediction that the max-
imal CPS efficiency is expected at L ∼ ξ0 and the plot
of Fig. 3 compare nicely with the experimental result,
provided we substitute ξ0 by the coherence length ξ cor-
responding to the experimental diffusive case.
To conclude, we have demonstrated that the outcome
of Cooper pair splitting via the crossed Andreev trans-
port in a one-dimensional hybrid system, comprising
a superconductor sandwiched between the two normal
metal terminals endowed with the double point scatter-
ers, can achieve a robust unitary limit stable against
asymmetry of the scatterers. We found that the electron-
to-hole transmission probability (per a conducting chan-
nel) across such a system achieves its maximum if the
width of the superconductor is of the order of the coher-
ence length. Our study opens a route to reliable high-
outcome procedure for creating entangled electrons.
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iAppendix A: Additional plots
1. Transparency T˜eh as a function of εR and εL
Figure 7: Transparency T˜eh as a function of εR and εL for L/ξ0 = 1, δL(R)/∆ = 10, and Zi = Zo = 10 (ΓL,R/∆ = 0.1).
(a) ε = 0.99. (b) ε = 0.8. (c) ε = 0.6. (d) ε = 0.4. (e) ε = 0.2. (f) ε = 0.01.
Figure 8: Transparency T˜eh as a function of εR and εL for L/ξ0 = 1, δL(R)/∆ = 10, and Zi = Zo = 15 (ΓL,R/∆ = 0.045).
(a) ε = 0.99. (b) ε = 0.8. (c) ε = 0.6. (d) ε = 0.4. (e) ε = 0.2. (f) ε = 0.01.
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2. Maximal transparency maxε{T˜eh(ε)} as a function of εR and εL
Figure 9: Maximal transparency T˜ εeh = maxε{T˜eh} as a function of εR and εL for L/ξ0 = 1, δL(R)/∆ = 10, and θ = pin.
(a) Zi = Zo = 5 (ΓL,R/∆ = 0.39). (b) Zi = Zo = 15 (ΓL,R/∆ = 0.045). (c) Zi = 5 and Zo = 15 (ΓL,R/∆ = 0.22). (d) Zi = 15
and Zo = 5. (e) Zi = Zo = 15 and θ = 0.1pi + 2pin. (f) Zi = Zo = 15 and θ = 0.2pi + 2pin. (g) Zi = Zo = 15 and L/ξ0 = 0.1.
(h) Zi = Zo = 15 and L/ξ0 = 10.
3. Maximal transparency maxε{T˜ee(ε)} as a function of εR and εL
Figure 10: Color plots of maximal transparency T˜ εee = maxε{T˜ee} as functions of εR and εL for L/ξ0 = 1, δL(R)/∆ = 10, and
θ = pin. (a) Zi = Zo = 5 (ΓL(R)/∆ = 0.39). (b) Zi = Zo = 15 (ΓL(R)/∆ = 0.045). (c) Zi = 5 and Zo = 15 (ΓL(R)/∆ = 0.22).
(d) Zi = 15 and Zo = 5. (e) Zi = Zo = 15 and θ = 0.1pi + 2pin. (f) Zi = Zo = 15 and θ = 0.2pi + 2pin. (g) Zi = Zo = 15 and
L/ξ0 = 0.1. (h) Zi = Zo = 15 and L/ξ0 = 10.
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4. Maximal differential conductance gε as a function of εR and εL
Figure 11: Color plots of maximal differential conductance gε = maxε{T˜eh − T˜ee} as functions of εR and εL for L/ξ0 = 1,
δL(R)/∆ = 10, and θ = pin. (a) Zi = Zo = 5 (ΓL(R)/∆ = 0.39). (b) Zi = Zo = 15 (ΓL(R)/∆ = 0.045). (c) Zi = 5 and Zo = 15
(ΓL(R)/∆ = 0.22). (d) Zi = 15 and Zo = 5. (e) Zi = Zo = 15 and θ = 0.1pi + 2pin. (f) Zi = Zo = 15 and θ = 0.2pi + 2pin.
(g) Zi = Zo = 15 and L/ξ0 = 0.1. (h) Zi = Zo = 15 and L/ξ0 = 10.
5. Maximal differential noise sε as a function of εR and εL
Figure 12: Color plots of maximal differential noise sε = maxε{T˜eh(1 − T˜eh) − T˜ee(1 − T˜ee)} as functions of εR and εL for
L/ξ0 = 1, δL(R)/∆ = 10, and θ = pin. (a) Zi = Zo = 5 (ΓL(R)/∆ = 0.39). (b) Zi = Zo = 15 (ΓL(R)/∆ = 0.045). (c) Zi = 5 and
Zo = 15 (ΓL(R)/∆ = 0.22). (d) Zi = 15 and Zo = 5. (e) Zi = Zo = 15 and θ = 0.1pi+2pin. (f) Zi = Zo = 15 and θ = 0.2pi+2pin.
(g) Zi = Zo = 15 and L/ξ0 = 0.1. (h) Zi = Zo = 15 and L/ξ0 = 10.
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6. Maximal transparency maxε{T˜eh(ε)} as a function of εR and εL for asymmetric dot
Here we consider different dots and introduce ZLi and ZLo for the left dot and ZRi and ZRo for the right dot.
Figure 13: Maximal transparency maxε{T˜eh(ε)} as a function of εR and εL for L/ξ0 = 1, δL(R)/∆ = 1, and different ZLi, ZLo,
ZRi, and ZRo.
Figure 14: Maximal transparency maxε{T˜eh(ε)} as a function of εR and εL for L/ξ0 = 1, δL(R)/∆ = 1, and random ZLi, ZLo,
ZRi, ZRo homogeneously distributed in [5 . . . 15] interval (upper row) and exponentially distributed in [1 . . . 25] interval (lower
row).
